INTRODUCTION
LNG is considered to be an attractive energy source as it emits only half the amount of greenhouse gases compare to traditional coal powered generators. It is therefore sort after by industrial/manufacturing countries. Australia has vast reserves of gas in the Surat and Bowen Basins in central Queensland and the Northwest Shelf of Western Australia, which are currently developed for export from places like Gladstone, Darwin and the Pilbara Coast (Figure 1 ). An important step in the production process for LNG is to cool the extracted natural gas to liquid to significantly reduce its volume, making it easier for transportation. Special processing plants need to be constructed to convert natural gas to LNG. These processing plants comprise a number of facilities including LNG storage tanks, process trains, flare, utility, building and construction areas, haul roads, marine offloading facilities, construction docks, jetties, cable and pipeline routes and dredge channels. These facilities combine to form large construction foot print areas that can be several square kilometres, and the costs associated with construction of this infrastructure can be in the order of several billion dollars.
Geotechnical investigations are required over the sites to provide data to support Front End Engineering Design the projects. These include delineating the subsurface profile and geology to develop a site geological and geotechnical model and to assess subsurface conditions to provide geotechnical parameters to support engineering issues. The objective of this paper is to show how geophysical techniques can be used to assist geotechnical investigations of LNG complexes.
Figure 1 LNG Development Sites in Australia

ROLE OF GEOPHYSICS IN LNG PLANT SITE INVESTIGATION
Generally traditional methods of engineering site investigations involve borehole drilling and sampling, associated downhole testing and small excavations through
SUMMARY
New Liquefied Natural Gas (LNG) processing plants are being developed and constructed along the eastern and western seaboards of Australia. In support of tendering processes for engineering design and construction, geotechnical site investigations are required over these large construction site foot print areas. A Petroleum Survey Licence (PSL) needs to be obtained before any intrusive investigations can be carried out at LNG sites. Non-intrusive geophysical testing therefore plays an important role in investigations of such sites prior to approval of the PSL. Geophysical testing can be utilised however in all stages on LNG site development including early geological site characterisation, providing engineering parameters directly or by empiricism for geotechnical model development and design consideration, and also application of geophysical monitoring during the construction stage.
The application of various geophysical techniques in the investigation of LNG sites is discussed as follows.
Figure 2 Role of geophysics is LNG Plant site investigations Seismic Refraction
The Seismic Refraction (SR) method measures the velocity of P-waves refracted off of the subsurface layers. This test is carried out in accordance to ASTM D5777. It is used to provide subsurface geologic data, including general subsurface characteristics of the LNG footprint area such as depths to soil and rock interfaces, the thickness variation of the subsurface layers, and P-wave velocities of the soil and rock layers (Figure 3) . This data is then used to develop a 3D subsurface lithological model which helps defining design profiles and construction criteria. Depth to bedrock is used for settlement analysis as well as for calculation of bearing capacity. Measured P-wave velocity is an important parameter in the definition of the material properties that can be used in assessing rock quality and rippability or excavatibility.
Electrical Resistivity Imaging
The Electrical Resistivity Imaging (ERI) method measures the 2D apparent resistivity of the subsurface, detecting lateral and vertical changes in subsurface electrical properties (Figure 4 ). These changes can result from variations in sediment or rock type, water content, pore-water chemistry, and the presence of buried debris. Coarse gravelly/sandy layers are likely to have a lower conductivity response than surrounding finer grained silts and clays, therefore providing electrical contrast for detection.
Figure 3 Seismic refraction fence diagram of footprint area showing distribution of soil (blue) over weathered rock (green and yellow) over fresh rock (red).
ERI is carried out in accordance to the standard ASTM D 643. It is a useful supplement to the SR method in defining subsurface layers, especially in areas of uncompacted fill. Unconsolidated and uncompacted fill materials may result is rapid attenuation of seismic P-waves, but would provide enough electrical contrast from natural ground.
Figure 4 ERI sections along gas pipeline alignment, showing thick layer of soil (green) above rock (yellow and red).
Multichannel Analysis of Surface Waves
Multi-Channel Analysis of Surface Waves (MASW) is a rapid and cost effective surface geophysical technique that uses the dispersive characteristic of Rayleigh waves to provide shearwave velocity information of the near-surface materials. Shear-wave velocity is directly proportional to small strain shear modulus that is in turn a direct indicator of the stiffness (or rigidity) of materials ( Figure 5 ). The in situ small strain shear modulus is a parameter used in the design of foundations for vibrating facilities such as for gas compressor stations. This parameter is also useful in evaluating foundation settlement and compaction requirements where future fill to be laid. MASW is often employed in areas of high ambient noise such as during construction, where the SR technique will be less effective.
Wenner Electrical Resistivity Sounding
The 4-pin Wenner electrical resistivity sounding (ERS) technique is used to measured apparent ground resistivities. The method is carried out in accordance the standard ASTM G 57. The tests can be carried out at different pin spacings which provide apparent resistivity values over a range of depths. The tests are often done in orthogonal directions to evaluate the presence of electrical anisotropy in the ground. The apparent resistivity values are used to evaluate corrosivity of soils and protection design requirements for any buried steel structures such as cathodic protection systems for the export gas pipelines. The apparent resistivity values are also used to evaluate design requirements for electrical earthing for certain facilities in the LNG complex.
Figure 5 Soil Stiffness Profiles derived from MASW, with comparison to SPT derived N-Values
Thermal Resistivity Testing
Electricity flowing in buried high voltage cables at LNG sites generates heat and a resistance to heat flow between the cable and the ambient environment can cause the cable temperature to rise and potentially lead to failure. When the soil around the cable becomes dry, the cable heat will drive the moisture away, drying the soil around the cable and therefore increasing its thermal resistivity. Thermal resistivity (TR) testing is therefore required along buried cable routes at the LNG site, evaluating soil and backfill thermal properties for underground power cable installations. This test is done in accordance to standards ASTM D5334-05 and the IEEE 442. Insitu density and moisture, which affect the thermal properties of the soil, are also measured in TR testing.
Vertical Seismic Profiling
Vertical Seismic Profiling (VSP) is a single borehole seismic wave measurement method where the seismic energy source is located at the surface and the detectors (geophones) are lowered down a vertical borehole. Data obtained from different geophone depths are used to calculate a detailed seismic velocity profile for both P and S waves of the subsurface in the immediate vicinity of the test borehole ( Figure 6 ). The testing is done in general accordance with ASTM D7400-08 and is carried out in specially prepared geotechnical boreholes, which have grouted in PVC casing. The test is useful for measuring dynamic parameters such as Young's modulus, shear modulus and Poisson's ratio which are used in geotechnical analysis of dynamic loadings. This test also provides the parameter Vs 30 , the average shear wave velocity in the upper 30 m below the surface, which is use for dynamic response studies. rd International Geophysical Conference and Exhibition, 11-14 August 2013 -Melbourne, Australia 4
Figure 6 P-wave velocity arrivals derived from a VSP test Downhole Televiewer Logging
Downhole televiewer surveys are conducted in geotechnical boreholes to provide the general subsurface characteristics along boreholes including the thicknesses and dip of the strata, and particularly the nature of rock mass defects and their geographic orientation, which is not possible to record with standard geotechnical rock logging procedures. Two types of televiewers are used: the acoustic televiewer (ATV) and the optical televiewer (OTV). Both provide an orientated image of the borehole walls. The ATV can only be used in fluid filled boreholes, however it provides more information such as nature of rock defects and apparent rock hardness (Figure 7) . The tests are carried out according to ASTM D5753. Data for the televiewers are useful for slope stability assessments and design of large cuts and batters at LNG sites.
Magnetometry, Electromagnetics and GPR
Magnetometer (MAG), electromagnetic (EM) and Ground Penetrating Radar (GPR) surveys are often used to determine the presence or location of any underground obstructions in the LNG footprint area. The tests are carried out using the ASTM D7046, ASTM D6639 and ASTM D6432 standards respectively. MAG and EM methods are used for detection of buried metallic objects and GPR surveys where the buried objects are likely to be non-metallic (plastic or concrete). Accurate detection of buried objects, such existing pipelines and cable crossing, large metallic debris and munitions in LNG construction footprints is important as these could pose a risk during excavations and construction.
CONCLUSION
The paper has described a number of high resolution and nearsurface geophysical techniques which are being successfully applied in geotechnical investigations of large footprint LNG sites. These techniques supplement traditional site investigation techniques to provide cost effective coverage and understanding of variable conditions over these vast sites.
Geophysics can be applied at various stages of LNG plant development, which can be in the early investigation stage for site subsurface geological model development, during the design stage for engineering parameter assessment, and also at the construction stage for site condition monitoring. Useful engineering parameters for various facilities in LNG complexes can be derived directly from geophysical techniques, which include elastic moduli, stiffness, corrosivity, grounding, thermal conductivity, rock mass quality and excavatibility. Successful of application of geophysical techniques requires an understanding of the objectives and overall contractual framework of the site investigations. It requires careful selection and execution of techniques and the need for high resolution and certainty in results.
Figure 7 Example of an ATV log
